Cell proliferation, a main target in cancer therapy, is influenced by the surrounding three-dimensional (3D) extracellular matrix (ECM). In vitro drug screening is, thus, optimally performed under conditions in which cells are grown (embedded or trapped) in dense 3D matrices, as these most closely mimic the adhesive and mechanical properties of natural ECM. Measuring cell proliferation under these conditions is, however, technically more challenging compared with two-dimensional (2D) culture and other ''3D culture conditions,'' such as growth on top of a matrix (pseudo-3D) or in spongy scaffolds with large pore sizes. Consequently, such measurements are only slowly applied on a wider scale. To advance this, we report on the equal quality (dynamic range, background, linearity) of measuring the proliferation of cell layers embedded in dense 3D matrices (collagen, Matrigel) compared with cells in 2D culture using the easy (one-step) and in 2D well-validated, 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT)-assay. The comparison stresses the differences in proliferation kinetics and drug sensitivity of matrix-embedded cells versus 2D culture. Using the specific cell-layer-embedded 3D matrix setup, quantitative measurements of cell proliferation and cell invasion are shown to be possible in similar assay conditions, and cytostatic, cytotoxic, and anti-invasive drug effects can thus be reliably determined and compared in physiologically relevant settings. This approach in the 3D matrix holds promise for improving early-stage, high-throughput drug screening, targeting either highly invasive or highly proliferative subpopulations of cancers or both.
INTRODUCTION
C ell proliferation, survival, angiogenesis, and invasion form major targets in anti-cancer therapy. Potentially bioactive molecules are continuously being isolated from living matter or synthesized de novo in the search for new therapeutic cancer agents. Drugs or drug combinations that target multiple aspects of this malignant process are an ultimate goal in both first-line therapy and relapse prevention. The objective of gaining reliable insights into the multifaceted potential of drugs should preferably be incorporated in the design of early-stage screening steps. Cell proliferation, survival, and invasion should consequently be measured using similar conditions. Traditionally, in vitro screening for antiproliferative or toxic effects is performed on cells cultured on two-dimensional (2D) substrates. [1] [2] [3] The predictability of clinical efficacy for hits identified in in vitro screening using 2D cultures is, however, generally low, 4 and it is suggested that this could be increased by introducing a higher complexity in the early screening steps, that is, by using more physiological ''in vitro three-dimensional (3D) culture'' conditions. 5 Indeed, cell-cell contacts and cell-extracellular matrix (ECM) interactions, and their associated signaling, have been implicated not only in the invasive process, 6 but also in the cell proliferation. [7] [8] [9] [10] ''In vitro 3D culture'' is an increasingly fashionable term, but it is-confusingly-used for very diverse cell culture conditions displaying different levels of complexity. First, it is used for cells grown in a pseudo-3D culture, that is, on top of a natural matrix composed of ECM proteins. [11] [12] [13] Second, the term 3D culture may indicate the cells grown on the curved 2D surface presented by porous scaffolds, usually characterized by a large surface area, high porosity, and a pore size (*100 mm) that is typically much larger than the cell diameter and that enables effective fluid transport. 14, 15 Last, the 3D culture is used for cells grown fully encapsulated (embedded, trapped) within dense 3D matrices or hydrogels that have small pore sizes (as in natural ECM) and that can either be synthetic or biological in composition. 11, 16, 17 In this article, we specifically focus on the measurements of cell proliferation of cancer cell lines embedded in dense 3D matrices, in particular those composed of collagen or Matrigel. These present a physiologically relevant topology as well as mechanical and adhesive properties reminiscent of a native ECM to cells. 16, 18 Moreover, given their density, collagen gels and Matrigel display a matrix fiber cross-linking degree and a pore size that is also found in tumor micro-environments and are still most frequently used for in vitro assaying of drug effects on cancer cell invasion. 11, 18, 19 In addition, these dense 3D matrices composed of natural ECM proteins can be remodeled by the inherent ECM degradation properties of cells, a process essential for cell differentiation, growth, and invasion. For cells grown on a 2D surface, diverse cell proliferation assays are available. [20] [21] [22] [23] [24] [25] These include the method using 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT), which is a second-generation water-soluble variant of the tetrazolium salt 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). It measures proliferation based on the metabolic activity of the cells and is frequently used in 2D culture conditions. [26] [27] [28] [29] [30] [31] Given the similar accessibility of cells grown in a pseudo-3D culture or in porous or spongy 3D scaffolds compared with that in 2D culture, the XTT-assay (and MTT-assay) has also already been successfully applied for cells grown on top of ECM gels 31, 32 or on the surface of porous ECM scaffolds. 14, [33] [34] [35] The use of XTT or other methods that measure the proliferation of cells embedded in dense 3D matrices is, however, still very limited and, in general, this approach is only slowly gaining application on a wider scale, especially for higher throughput analysis. 36, 37 The aim of this study was to provide a comprehensive report on the high-quality applicability of the XTT-assay as an easy, one-step procedure for measuring the proliferation of cells embedded as a layer in dense 3D matrices. In this way, we aim at facilitating the advance of cell proliferation measurements in physiologically more relevant environments. The results show that the XTT-method 26 can be used with an equally high quality in dense 3D matrices (with different densities) as in a 2D culture. We further demonstrate that in vitro cell proliferation and antiproliferative effects induced by drugs are indeed different in a dense 3D matrix compared with a 2D culture. Moreover, in relation to the need of measuring the features of cancer cells in a multifaceted manner, we validate the application of the XTT-assay under a condition (including a relevant dense 3D matrix) that is also compatible with measuring the invasive capacity. Using selected drugs, we demonstrate that this may allow a more indepth in vitro characterization of potential anti-cancer drugs.
MATERIALS AND METHODS

Cell Lines
Human breast adenocarcinoma fibroblast-like MDA-MB-231 (ATCC: HTB-26) and human fibrosarcoma HT-1080 (ATCC: CCL-121) were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco, Invitrogen) supplemented with 10% heat-inactivated fetal calf serum (FCS; Gibco), 20 mM L-GlutaMaxI (Gibco), and 1% penicillinstreptomycin (Gibco). Human mammary adenocarcinoma epitheliallike MCF-7 (ATCC: HTB-22) were cultivated in a 1:1 ratio of DMEM/ F12 nutritional component HAM medium (HamF12; Gibco) supplemented with 10% heat-inactivated FCS (Gibco), 20 mM L-GlutaMaxI (Gibco), and 1% penicillin-streptomycin (Gibco). All the cells were maintained at 37°C in a humidified 5% CO 2 atmosphere.
ECM Protein Handling: 3D Surface Coating and Preparation of 3D Matrices
Rat-tail collagen type I (acid-extracted, nonpepsin treated) and Matrigel were obtained from BD Biosciences. For obtaining a 2D coating of monomeric collagen, the wells of a 96-well plate (NUNC; Thermo Fisher Scientific) were incubated for 1 h at room temperature with 100 mL of 40 mg/mL monomeric collagen in calcium and magnesium containing Dulbecco's Phosphate-Buffered Saline (D-PBS; Gibco). The collagen solution for polymerization and 3D matrix preparation consisted of 2 mg/mL type I collagen, 1· MEM (Gibco), and 8.3 mM NaHCO 3 in Hank's Balanced Salt Solution (Gibco), and its pH was adjusted to pH 7.4-8 with 1 M NaOH. Matrigel was diluted at 1/2 or 1/5 with normal growth medium to a final concentration of 5 mg/mL or 2 mg/mL (based on an approximate concentration provided by the manufacturer). The collagen solution and Matrigel dilution were kept on ice until further use.
Experimental Setups: 2D Culture and 3D Matrix-Embedded Cell Layer Culture Cells were seeded in 96-well plates at a specified density. The cells in ''2D culture'' were seeded in normal growth medium on top of a monomeric collagen coating and maintained in the same medium. In the 3D setup, cells are trapped as a cell layer in the ECM. To obtain this ''3D matrix-embedded cell layer'' (Fig. 1A, middle) , in the first step, the cells were seeded in normal growth medium on top of a thin layer of either polymerized collagen or Matrigel (polymerization *15 min at 37°C and 5% CO 2 ) in a 96-well plate. After 2 h at 37°C and 5% CO 2 allowing cell adhesion and spreading, the growth medium was removed, and the cells were overlaid with a second layer (40 mL) of the collagen solution or Matrigel dilution. After polymerization (30 min at 37°C and 5% CO 2 ), 100 mL of the growth medium was added on top of the 3D collagen I gel or Matrigel.
Cell Proliferation Assay in 2D and 3D
Cell Proliferation Kit II (XTT) (Roche) was used according to the manufacturer's protocol that was described for 2D cultures. In the 2D cultures, 50 mL of the XTT labeling mixture was added to the 100 mL of growth medium, whereas for the 3D matrix-embedded cells, 50 mL of the XTT labeling mixture was added to the 100 mL of growth medium present on top of the 40 mL matrix. The XTT labeling mixture was added in parallel samples at 0 h (t0) (subsequent to cell adhesion [2D] or polymerization of the matrix [3D]) and after a specified number of hours of cell growth (tx). A set of blanks were included for each condition. These do not contain cells and are treated identically as the normal samples. Absorbance for both 2D and 3D matrix-embedded cultures was measured at 3 h (or as specified) after XTT addition (see section on optimizing XTT incubation time in Results). Net absorbances (A 450 -A 620 ) were calculated. All conditions were performed in multiple replicates as specified. Per condition, the mean net absorbance of all replicates at t0 and tx was background corrected (by subtracting the mean of the blanks) and designated as A t0 and A tx , respectively. If not otherwise specified, the mean cell proliferation at tx was expressed as a fold increase versus t0 (A tx /A t0 ). Table 1 describes the step-wise protocol that measures cell proliferation in the 3D matrix-embedded cell layer culture. points chosen to be larger than the doubling times of the respective cells, based on Figure 2) and 90 mM 5-fluorouracil (5-FU). The inhibitors were administered at time t0 to the ''2D cultures'' by replacing the growth medium after cell adhesion with drug-containing medium. In 3D matrix-embedded cultures, the drugs were added at time t0 to the growth medium overlaying the matrix while taking into account the volume of the matrix to obtain the desired final drug concentration.
The proliferation fold at tx versus t0 was first calculated as the ratio of the background subtracted net absorbances at time x versus time zero (A tx /A t0 ). Consequently, A tx /A t0 = 1 is indicative of a cytostatic effect, and A tx /A t0 < 1 indicates cytotoxicity (data points in red in dose-response curves). A tx /A t0 values were normalized by setting untreated samples to 100% viability and blank samples (no cells) to 0% viability (maximal toxicity). We verified for the two cell lines and for the 2D and 3D condition that these ''maximal toxicity'' samples gave identical absorbance as alternative ''0% viability'' samples in which the same number of cells are present as in the drug-treated samples, but in which the cells were killed by treatment with 0.2% Triton-X-100 (Sigma) before XTT-addition and measurement (100% dead cells). Indeed, the maximal deviation in absorbance A between these two ''maximal toxicity'' controls in all conditions was DA tx = 0.021, whereas DA tx between the controls and the 100% viability samples was on average 0.885. Using normalized A tx /A t0 data, fourparameter logistic or biphasic semi-log dose-response curves were generated using nonlinear regression to calculate EC 50 values (GraphPad Prism). The EC 50 values represent the concentration of the drug at which 50% of the effect is obtained.
Invasion Assay
MDA-MB-231 cells were seeded as a 3D matrix-embedded cell layer (collagen, 2 mg/mL) as just described. A cell-free area was, however, generated in the middle of the well, according to the ORIS cell invasion protocol (ORIS TM ; Platypus Technologies), and the cells were allowed to invade for 36 h in this cell-free central zone. Phase-contrast time-lapse movies were recorded for 36 h with an interval of 20 min.
Assay Quality
Signal-to-background (S/B), signal-tonoise (S/N), and Z-factors are determined as described earlier. 38 The dynamic range of the assay in 2D culture or using the 3D matrix-embedded cell layer setup was derived from the comparison of the control and drug-treated cells. Untreated MDA-MB-231 cells were used as a positive (maximal) signal, and MDA-MB-231 treated with 90 mM 5-FU were used as a negative signal (minimal response for maximal inhibition). Overall, 20 replicates of each condition were included per experiment, and the experiment was performed on three different days. The mean positive and mean negative signal -SD were used to calculate the Zfactor.
Microscopy
Phase-contrast and fluorescent images were recorded using a 10 · UPlanFL objective (N.A. 0.30) on a CellM system with a IX81 microscope (Olympus). For nuclei counting, MDA-MB-231 cells in the 96-well plate were fixed in 4% paraformaldehyde, permeabilized with 0.5% Triton X-100 in D-PBS, blocked in 2% bovine serum albumin (BSA; Sigma-Aldrich)/1% Glycine in D-PBS, and stained with DAPI (Molecular Probes). The nuclei were 
Statistical Analysis
Statistical analysis of the time courses showing proliferation kinetics was carried out using two-way analysis of variance followed by a post-hoc test using Bonferroni adjustments (Graphpad Prism). The EC 50 values were statistically compared using a Student's t-test according to the Graphpad Prism guidelines. P values less than 0.05 were considered as indicating statistically significant differences. Data are generally expressed as mean -standard error of the mean. In each experiment, multiple replicates per condition are performed (2 £ n £ 8), and one (of two) representative experiment is shown.
RESULTS AND DISCUSSION
Assay Conditions and Optimization for Measuring Cell Proliferation in 3D Versus 2D Cell Layers; Performance Comparison
We applied the one-step XTT-assay for quantifying cell numbers, cell viability, and cell proliferation in cells grown in a 3D setup, that is, those embedded in a dense matrix (collagen type I or Matrigel). We detail the performance of the XTT-assay in these dense 3D matrices compared with its classical use in cells grown on a 2D surface (''2D culture'' on monomeric collagen coating) (Fig. 1A, left) . In the 3D setup used, the cells are embedded as a cell layer in the plane between two collagen layers (3D matrix-embedded cell layer) (Fig. 1A, middle; for details see Materials and Methods), which is distinct from ''3D matrix-embedded mixed cultures'' in which the cells are dispersed as single cells within the matrix (Fig. 1A, right) . We specifically address proliferation in the ''3D matrix-embedded cell layer'' format, because this setup is highly compatible with measuring the invasive capacity of cells using a 3D woundhealing-like assay in which the cells are allowed to invade a central cell-free area (ORIS; Platypus Technologies). This assay is gaining interest for high-throughput screening of 2D migration [39] [40] [41] and 3D invasion. 42, 43 We ultimately show that measuring the effects of compounds on invasion and proliferation under similar 3D conditions forms an asset in the in vitro characterization and evaluation of cancer targeting drugs.
To demonstrate the quality of employing the XTT-assay in dense 3D matrices, we addressed different issues that are expected to vary with cell type and assay format (3D vs. 2D). These include (i) cell starting numbers (ensuring a linear response as well as an appropriate signal over background), (ii) optimal XTT incubation time (preventing signal saturation), and (iii) proliferation rates and/or doubling times (required before screening antiproliferative compounds in a specific format).
To determine the linear range for the different 2D and 3D setups, the cancer cell lines MDA-MB-231 or HT-1080 were seeded and allowed to settle for 2 h before the addition of XTT at a wide range of densities (5,000 to 50,000 cells/well) in 96 wells (Fig. 1B, C) . For the 2D culture and for the cell layer embedded in 3D collagen type I matrix, the net absorbance signal initially increases linearly with cell number until *20,000-25,000 cells/well, and, subsequently, levels off toward a maximum (Fig. 1B) . We also extended the assay to a different matrix, that is, Matrigel, representing a reconstituted laminin-rich basement membrane. The cell number analysis of MDA-MB-231 and HT-1080, embedded as a layer in Matrigel at a concentration of 2 (Fig. 1C, dashed line) and 5 mg/mL (solid line), is similar as in the 3D collagen matrix with a linear increase in absorbance for the range of 5,000-20,000 cells/well. Figure 1D and E documents the basis of the deviation from linearity. At cell densities higher than 30,000 cells/well, confluency is reached in the 2D-and 3D layer-based setups (Fig. 1D) . For the tested adherent cell types, the limited surface available for cell adhesion determines the linear range, as supported by the fact that the DAPI-based cell count was only linearly correlated to the seeded cell numbers below *40,000 cells/well (Fig. 1E) .
Together, this indicates that the useful range of cell numbers for adherent cells is similar for the 3D matrix cell layer assay and in the 2D culture and is limited by confluent growth and well surface area. Consequently, this range is lower than that for suspension cells (Figure 3 in Company Application Note, www.roche-applied-science .com).
Based on the experiments with MDA-MB-231 shown in Figure 1B and C, we evaluated whether higher background values-as might be expected in a dense 3D matrix-influence the quality of the measurements. Since background effects can only be judged correctly by considering the variation in response, 38 we also calculated, in addition to S/B, the parameters that take into account the variation on background (S/ N) or on both background and signal (as in a Z-factor). Note that these calculations only provide details on signal to background levels; see next for an evaluation of the true dynamic range using minimal and maximal signals after background correction. Despite the fact that the S/B-values in 3D conditions are generally smaller than in 2D conditions ( Table 2) , the low variation in the mean absorbances results in sufficiently high S/N values (and Z-values ‡ 0.5) for nearly all the 3D conditions. This indicates that, using XTT, the background in the 3D matrixembedded setup is not lowering the assay quality and that this quality in the 3D matrix-embedded setup is comparable to that in the 2D culture. If needed, cell numbers can be increased to optimize S/N (compare values for 10,000 and 20,000 cells in Matrigel; Table 2 ). Subsequently, we measured cell proliferation after 12, 24, 36, and 48 h for MDA-MB-231 ( Fig. 2A, C) and HT-1080 (Fig. 2B, D) to compare cell-specific doubling times in the different setups (2D and 3D) and matrices (collagen and Matrigel). This is important to select assay times for drug screening. Proliferation kinetics of both MDA-MB-231 and HT-1080 (10,000 and 5,000 cells/well seeded at t0, respectively) are significantly slower in the 3D collagen-embedded layer setup (dashed line) versus the 2D culture (solid line) ( Fig. 2A, B) . Doubling (i.e., a proliferation fold vs. t0 equal to two) is reached at least 12 h later in the 3D matrix-embedded layers than in the 2D culture. As expected, based on the confluency shown in Figure 1D , MDA-MB-231 and HT-1080 that are seeded at 40,000 cells/well in the 3D collagen-embedded cell layer no longer showed proliferation due to contact inhibition ( Fig. 2A, B, dotted lined) . Proliferation kinetics of MDA-MB-231 and HT-1080 in 5 mg/mL Matrigel are comparable with those in 3D collagen embedded cultures, yielding a fold change of 2 after 36 h (Fig. 2C, D, solid lines) . Similar proliferation kinetics for MDA-MB-231 are observed in 2 mg/mL Matrigel (Fig. 2C, dashed line) , whereas HT-1080 cells show faster proliferation kinetics in less dense Matrigel (Fig. 2D, dashed line) . Similar to reports using cells in 3D pseudo-culture, reports on the expansion of stem cells, and in the field of regenerative tissue research, [44] [45] [46] [47] these data agree with previous works that cell-ECM contact affects cell proliferation and does so in a cell type-dependent manner. In addition to the assay time, we compared the effect of varying the time of the XTT reaction (XTT incubation times: 2-24 h) in 3D versus Figure 2E and F shows for MDA-MB-231 the net absorbance (A 450-620 ) in function of XTT incubation time for background samples and for samples with low and high cell numbers. Background values (dashed lines) are only slightly affected by longer XTT incubation time, and these are similar in 2D and 3D conditions. At high cell numbers (Fig. 2E, F, black) , saturation of the signal is already reached at *6 h XTT incubation. For low cell numbers (Fig. 2E, F, gray) , the increase is at least linear up to 6 h of the XTT reaction, but after 24 h of XTT incubation, the signal has no longer increased in a linear fashion. These analyses indicate that an XTT incubation time of 3 to 4 h is optimal to yield a linear response with cell number, and differences are hardly observed for 2D and 3D conditions. A longer (6-24 h) XTT incubation time may only be used for low cell numbers (or for cell types with apparent low metabolic activity; see Figure 3 in Company Application Note, www.roche-applied-science.com).
2D conditions.
In summary, we demonstrate the equal applicability of the XTTassay for measuring cell growth in a 3D matrix-embedded cell layer, as compared with 2D cultured cells. Measurements are possible in the two most commonly used dense 3D matrices (collagen gel [2 mg/mL] and Matrigel [2 and 5 mg/mL]). The background of 3D samples does not affect the quality of the measurements. However, a different optimization is required for different culture conditions (2D, 3D, matrix type, and cell type), especially with regard to signal linearity versus cell number and cell doubling time. Significantly, the differences observed in cell proliferation kinetics in 2D cultures versus 3D matrix-embedded cultures indicate the potential benefit of measuring cell growth in 3D matrices.
Measuring Compound Effects in 3D Versus 2D Conditions
We further validated proliferation measurements in the 3D setup by evaluating the effect of compound treatment on cell growth and viability and by comparing them with the effects on cells grown in 2D. Proliferation folds (A tx /A t0 ) are plotted in semi-log dose response curves as ''% cell viability'' versus drug concentration ( Fig. 3; see 
Materials and Methods for details)
. This approach allows, in principle, the determination of EC 50 values (defined as the concentration of the drug at which 50% of the effect is obtained), indicative of an antiproliferative (cytostatic) or cytotoxic effect or, where applicable, for both effects individually.
We first tested the effect of dFUR, which is metabolized into its active form, 5-FU, on MDA-MB-231 and HT-1080 (10,000 and 5,000 cells seeded per well, respectively). This compound is widely used in anti-cancer chemotherapy. 48, 49 We observe biphasic dose-dependent inhibition of cell growth for MDA-MB-231 (Fig. 3A) and HT-1080 (Fig. 3B) , in both 2D culture (black line, circles) and 3D matrix (gray line, triangles). The first phase of the curve shows a dose-dependent antiproliferative effect. In the second phase, the ratios of measured cell number versus cell number at the start (*A tx /A t0 ) are smaller than 1 (presented in figure by red symbols), indicating dose-dependent toxicity. This second phase is more gradual for HT-1080 in 3D. We derive two EC 50 values characterizing each dose-response curve (except for the second phase for HT-1080 in 3D). For MDA-MB-231, both EC 50 1 and EC 50 2 are significantly smaller for cells in the 3D matrix than those in the 2D culture (P < 0.05, factor 2, Fig. 3A ); in addition, for HT-1080, the EC 50 1 value is lower in the 3D matrix than in the 2D culture (P < 0.05, Fig. 3B ). In addition, the EC 50 1 values indicative of a cytostatic effect are in the high nM-low mM concentration range, whereas obvious cytotoxic effects (*EC 50 2) require a drug concentration that is approximately 10-fold higher. These results demonstrate a different (i.e., two-fold higher) sensitivity to the cytostatic activity of 5-FU in the 3D collagenembedded cell layer setup versus the culture on a 2D monomeric collagen coating in the tested cell lines. This underlines the potential benefit of scoring drug effects on cell proliferation measurements within a 3D matrix.
We used the effect of 5-FU to further investigate the dynamic range, reproducibility, and overall quality of the assay in 3D versus 2D conditions. We performed three measurements on different days to compare the effect on the 2D culture and the 3D matrixembedded-layer setup on untreated MDA-MB-231 (maximal signal, no inhibition) and on MDA-MB-231 treated with 90 mM 5-FU (used as minimal signal, maximal inhibition). The Z-factors, derived as described earlier, 38 for both the 2D culture and the 3D matrix-embedded cell layer setup (0.928 and 0.819, respectively, Table 3 ) are well above the critical Z-value of 0.5, demonstrating that, in the 3D matrix-embedded cell layer approach, the assay quality is high and the dynamic range is comparable to that in the 2D culture. As mentioned previously, the 3D matrix-embedded cell layer setup is highly suitable for testing the invasive capacity of cells. Antiinvasive drugs may or may not affect cell proliferation, or may display identical or different dose dependency for anti-invasion or antiproliferation. The application of the XTT-assay in this experimental 3D setup described here that is also suited for invasion analysis allows the testing of these multiple aspects. As an illustration, we evaluated the effect on the proliferation of two compounds known to inhibit key molecules in the signals driving amoeboid or mesenchymal cell migration and invasion, 50 namely inhibitors against ROCK or against PAK. Compound IPA 3 targets the auto-regulatory mechanism of group I PAKs that are possible targets in cancer therapy as a consequence of their role in cell proliferation, morphogenic processes, and cell motility. [51] [52] [53] A concentration range of IPA 3 (up to 120 mM) was administered to MDA-MB-231 and HT-1080 cells, in 2D culture, or to the cell layer embedded in 3D collagen. For MDA-MB-231, this results in an inhibition of cell viability with very similar dose responses for 2D and 3D (EC 50 values *20 mM) (Fig. 3C) . At EC 50 or higher doses, the cell numbers after drug treatment are lower than those initially seeded (A tx /A t0 < 1), indicating toxicity. Although the EC 50 values for HT-1080 cells are in the same range as for MDA-MB-231, HT-1080 are slightly less sensitive to IPA 3 in a 3D matrix-embedded cell layer (EC 50 = 26.2 mM) compared with 2D (EC 50 = 19.9 mM) (P < 0.05, Fig.  3D ). In addition, compared with MDA-MB-231, the effect is cytostatic rather than cytotoxic in the tested concentration range (Fig. 3C,  D) . In comparison, for these cells and using the same experimental 3D setup, this compound typically already displays a significant inhibition (40%) of invasion of the matrix embedded cell layer in a central cell-free zone at lower concentrations (5 mM) (Huyck et al., data not shown).
As shown in Figure 4 , 10 mM of the ROCK inhibiting compound y-27632 yielded in the 3D matrix-embedded cell layer format more than 50% invasion inhibition; a similar inhibition is obtained for HT-1080 cells (not shown). However, at this drug concentration, cell growth-measured in the same experimental 3D setup-is completely unaffected (Fig. 3E, F) . Tenfold higher concentrations of this drug are required to induce inhibition of MDA-MB-231 growth and toxicity in the 3D matrix as demonstrated by an EC 50 of 137 mM (Fig. 3E) . For HT-1080 cells in the 3D matrix-embedded setup, a drug effect (toxicity) is even not observed until a concentration of 300 mM or higher is achieved (Fig. 3F) . In contrast to the low response in the 3D setting, proliferation in the 2D culture of MDA-MB-231 and, especially, of HT-1080 is more sensitive to ROCK inhibition: a gradual dosedependent inhibition is observed, although even at 400 mM (the highest concentration tested), a maximal effect was not yet reached (Fig. 3E, F Given the difference in sensitivity of HT-1080 proliferation to ROCK inhibition in 2D versus 3D, it will be of interest to determine whether the extent of adhesion and of ROCK-dependent activation of key proliferation factors differs in the 2D versus 3D conditions. This example of drug effect further documents the different responses when drug-treated cells are cultured in 2D or 3D conditions and, in addition, the importance of testing different cellular properties (in casu invasion and proliferation) in the same experimental setup. Based on the analyses in the 3D matrix, y-27632 can be viewed as a drug that acts purely as an anti-invasive agent in MDA-MB-231 and HT-1080 at low doses (lower mM range) and only becomes toxic to the cells at, at least, 10-fold higher concentrations.
CONCLUSIONS
This article, in which we employed a 3D setup in which a cell layer is fully matrix embedded, establishes that proliferation measurements in dense 3D matrices using the one-step XTT proliferation assay are as easy as and qualitatively equal to current approaches in 2D culture (and, by extrapolation, in porous 3D scaffolds). As such, this article will accelerate wider application of this 3D approach, which is strongly suggested as yielding more physiologically relevant answers. Using a quality comparison of measurements conducted on cells embedded in a dense 3D matrix versus cells in 2D, we show a similar dynamic range and no negative effects of background. The assay allows the measuring of cell-type specific proliferation kinetics and antiproliferative, cytostatic, and cytotoxic effects of compounds in different dense 3D matrices (collagen, Matrigel). We show that cell growth and drug sensitivity in a 3D matrix are not necessarily identical as in a 2D culture, and these differences do not follow a predictable pattern but are cell type-and compound-dependent. Although the higher predictability of results obtained in 3D matrices still needs confirmation in vivo, the observed differences already suggest a possible benefit of (also) screening in more complex in vitro conditions. Moreover, by validating proliferation measurements in the 3D matrix-embedded cell layer setup that is compatible with invasion measurements, the drug effects on proliferation and invasion can be more reliably compared. This results in a more optimal in vitro drug characterization. This validated protocol in the 3D matrix, thus, holds promise for improving early-stage, high-throughput drug screening for targeting-by individual drugs or by combinations-both highly invasive and highly proliferative subpopulations of cancers. The validation of the assay is established here in collagen and Matrigel, but may also prove useful in microporous synthetic ECM mimics or nanofibrous scaffolds with bio-inspired cell-instructive and degradable properties that are being developed. 16, 59 ACKNOWLEDGMENTS This work was supported by fund G.0441.10N from the FWO Vlaanderen and fund 01601207 from the GOA (Geconcerteerde Onderzoeksactie) granted to C.A. L.H. was funded by the BOF (Bijzonder Onderzoeksfonds) 01J04806.
